Abstract
INTRODUCTION
Cement and concrete are most commonly used as construction materials. Although modem Portland cement was discovered in the nineteenth century, its ancient history can be traced back several thousand years) These materials are mainly used to carry compressive loads due to their brittleness; for tension members reinforcing bars are frequently incorporated in the structural design for carrying tensile loads. However, matrix 23 cracking and spalling often lead to exposure of steel bars. Aggressive agents such as water and chloride ion easily migrate and attack steel reinforcement, which causes further matrix cracking and spalling. Eventually, the integrity of structures is lost. It has been estimated that the rehabilitation cost in the US will reach trillions of dollars over the next twenty years. 2 In addition to property loss, human life is also frequently threatened as exemplified in the tragic collapse of a California highway bridge in the 1989 Loma Prieta earthquake. The reinforced concrete columns and connectors could have survived with a concrete of a high ductility. In the past decades, a great deal of effort has been expended on improving the strength (particularly compressive strength) of cementitious materials. This is achieved through (1) better understanding of hydration chemistry, hence optimum chemical composition and curing conditions; (2) graded particle systems, hence more dense packing; and (3) special processing, hence reduced porosity.
In practice, combinations of the above-mentioned strategies have been applied in production of high-strength concrete. Among them, chemically bonded ceramics (CBCs), 3'4 densified systems containing homogeneously arranged ultrafine particles (DSP) 5"6 and macro-defect-free cements (MDF)7.8 are especially impressive. The compressive strengths of these materials readily approach 150 MPa or even higher. However, despite the ultra-high strength, these materials suffer from 'brittleness' which can lead to catastrophic failure without noticeable warning.
In parallel to the developments of high-strength concretes, efforts have been extended to exploring fiber reinforcement. 9-11 Significant toughness 24 Hwai-('hung Wu & Victor ('. l.i improvements have been achieved with various types of fibers such as glass, steel, or polymers. Several orders of magnitude differences are generally found in toughness as reflected in the long post-peak tails of the tensile stress/deformation curves, which is largely attributed to fiber pullout. ~-~-~ Nevertheless, little or no improvement in strength or ductility was typically reported for low-fiber-loaded composites. This is perhaps due to improper combinations of material constituents, and inadequate fiber reinforcement. Furthermore, it is less clear what the intrinsic relationship between strength increase and ductility enhancement of random discontinuous fiber composites is. The full merits of fiber reinforcement can only bc achieved if the individual roles played by fiber, matrix, and their interface are understood. Hence a micromechanics-based design methodology can provide guidelines for selection of individual components to satisfy one or several composite performance requirements. This is especially valid in design for tensile strength and ductility of advanced cementitious composites. These properties are typically not considered in structural design. Nevertheless, a new generation of cementitious composites with high strength as well as excellent ductility may be made based on our recent research.
In this paper, we address this issue from a micromechanics point of view, and highlight the implication of new findings. Experimental results of direct tensile tests of random discontinuous fiber-reinforced high-strength concretes and OPC paste are presented and discussed.
EXPERIMENTAL PROCEDURE

Matrix
Two types of commercially available preblended cementitious products were used. They contained fine aggregates, sand, silica fume, and special chemical admixtures, namely BKR (Elkem Materials, Norway) and WC1000 (Elkem Chemicals, USA). These products are considered highstrength concretes. In addition, ordinary type 1 Portland cement paste was also used as a weak matrix. The constituent materials used and their mix proportions are given in Table 1 .
Fiber
A high-modulus polyethylene fiber (Spectra 900, Allied Corp) and steel fiber (Dramix, Bekaert Corp) were employed in this study. Properties of these fibers are tabulated in volume fractions were used. Steel fibers were mixed with strong matrices of BKR and WC 1000 only, whereas polyethylene fibers were used in both strong and weak matrices.
Preparation and testing
Direct tensile tests were performed on coupon specimens with dimensions of 12.7 mm x 76.2 minx 304.8 mm. A regular Hobart mixer was used in mixing the materials. The specimens were cast in Plexiglas moulds immediately after mixing using a high-frequency vibration table. They were then allowed to harden at room temperature for two days prior to demoulding and subsequently cured in water for four weeks before testing. For OPC paste, specimens were demoulded after one day. In addition, compression tests were also conducted on 76-2-mm × 152-4-mm cylindrical specimens as a supplement to direct tensile test. The uniaxial tensile tests were conducted in a closed loop servo-hydraulic testing machine. The specimens were loaded to failure with a constant cross-head speed of 0.005 mm/s. Two linear variable differential transducers (LVDTs) were attached to opposite sides of the specimens to monitor continuously the strain changes at a gauge length of 205 mm.
For the compression tests, a constant crosshead speed of 0.025 mm/s was used. Fig. 1 , the BKR matrix shows impressive tensile strength, as high as 10.5 MPa. Following the peak load, a catastrophic failure occurs. On the same graph, 3% steel fiber reinforcement enhances significantly only the fracture energy (as indicated by the area under the softening branch of the stress-deformation curve). It should be noted that the entire deformation of the specimen is completely attributed to continuous opening of the major crack after the peak load. Hence it is not 'actual' strain after formation of a first crack except in the case where multiple cracking occurs. There is little effect on composite ultimate strength (-10% increase) and strain (-50% increase), hence little improvement in ductility is noticed.
EXPERIMENTAL RESULTS
Strong matrix In
Strength~ductility of fiber reinforced cementitious composites
In the case of WC1000, although the base matrix is not as strong as the BKR, it is still much stronger (at 6.5 MPa tensile strength) than ordinary concrete. With 6% steel reinforcement, a 95% increase in composite ultimate strength and 250% increase in composite ultimate strain are observed. However, there are no further improvements when Vf increases to 8%. For the latter case, strength and strain increases are 44% and 150% respectively. This may be due to the much poorer workability of the 8% fiber composites.
In a separate mix, high-modulus polyethylene fibers were used. For this series of tests, the water/ solid ratio (w/s) increased from 6.5% to 8%. The plain matrix with no fibers exhibits tensile strength of 5.1 MPa which is 22% less than that for the mix with a w/s = 6.5%. With 2% polyethylene fibers, the ultimate strength and strain are slightly improved (-10% and 70% increase respectively), as shown in Fig. 3 . The fiber-reinforced strong matrices in Figs 1-3 exhibit typical stress/strain curves of 'ordinary' FRC. The long tail-like descending portion is caused by fiber pull-out.
It should be noted that the effects of fiber reinforcement in either BKR or WC1000 are much 0.2 e (%) Fig. 3 . Tensile stress/strain curves of polyethylene-fiberreinforced WC 1000 matrix~ greater on ultimate strain capacity than on ultimate strength. This nonlinearity is probably due to microcrack development prior to the opening of one macrocrack. The exact cracking mechanisms deserve further investigation. In addition, different descending modes are observed for steel and polyethylene fiber composites (see Figs 1-3 ). In the polyethylene composites (Fig. 3) , the load rises again after a sudden drop; this corresponds to the opening of a single crack. The bridging fibers can still bear the composite loads until the maximum bridging stress is reached. By contrast, if the maximum bridging stress has been exceeded during the propagation of the single crack, the second peak disappears as shown in Figs 1 and 2 . Detailed discussion on these failure modes can be found in Li and Leung.l°
The compressive strengths of BKR and WC1000 are 140 MPa and 75 MPa respectively after 28 days curing in water.
Weak matrix
The high-modulus polyethylene fibers were mixed with OPC paste (w/c=0.27). Two significantly different failure modes are found for these composites, as shown in Fig. 4 e (%) <b) showing multiple cracking.
Vf--0.1% and 1%, the corresponding failure strains are 0.02% and 4.5%. The mix with 0.1% fiber shows typical tensile behavior with a single macrocrack opening with descending loads. The addition of 1% fiber significantly enhanced ductility as well as providing enormous fracture energy. Clear subparallel multiple cracking was observed in this 'ductile" composite (see Fig. 5 ). During multiple cracking, it was found that the load was more or less maintained and may even increase slightly, as expected for a pseudo strainhardening material, l".~'~ On the same graph, the matrix alone, showing catastrophic failure, is also included for comparison.
The 28-day compressive strength of the OPC paste is 20 MPa. Some visible shrinkage cracks were observed on the surface of the compressive strength cylinder specimens. These cracks were not found on the tensile specimens. This difference is probably caused by a much more severe shrinkage restraint imposed on the cylinders.
DISCUSSION
Strength and pseudo ductility
The strength of monolithic materials is generally considered as a material intrinsic property which is dependent on the nature of the bonding elements on a microscopic level. Covalent bonding is much stronger than ionic or hydrogen bonding. Van der Waal's forces are the weakest. In addition, the intrinsic flaw size also limits material strength. ~4 Pre-existing flaws are preferential sites of crack initiation and propagation. Hence any mechanisms which impede crack propagation are beneficial to strength improvement. Microcrack suppression due to fibers is believed to be the major strengthening mechanism in fiber-reinforced composites. This is true for both aligned continuous and random discontinuous fiber composites. As for pseudo ductility of the cementitious composites, it results from a multiple cracking phenomenon. [15] [16] [17] The composites will undergo pseudo strain-hardening when loaded beyond the elastic limit. This means that beyond the limit of proportionality, the new cement composite behaves more like ductile metals than ordinary concretes which are more brittle in nature, or ordinary FRCs which are quasi-brittle.tX
The pseudo strain-hardening process is made possible by the stress transfer capability of bridging fibers. This phenomenon is associated with the multiple cracking of the brittle matrix. When the composite is loaded up to its first cracking strength under uniaxial tensile loading, a first macroscopic crack is formed in the composite. The composite load is shared by the bridging fibers. These fibers then transfer the load via their interface back into the matrix. If enough load is transferred, the matrix may crack again and the process repeats until the matrix is broken by a series of subparaUel cracks of approximately equal crack spacing, t9 Straining of the bridging fibers across the matrix cracks and within the matrix blocks gives rise to a composite strain that can be substantially higher than the matrix failure strain alone. The importance of this enhanced strain capacity is due to the maintained or even rising composite load during this straining process.
The pseudo strain-hardening process and related composite tensile properties have been addressed by a number of investigators (see e.g. Refs 15-17 for aligned continuous and Refs 10 and 19 for random discontinuous fiber-reinforced composites). These models provide quantitative information on the linkage between the characteristics of material constituents and the composite properties. This is of importance in tailoring material components (i.e. mechanical and geometric properties of fiber, matrix, and their interface) to achieve multiple cracking.
Conditions for multiple cracking
The present micromechanical analysis of random discontinuous fiber-reinforced composites is based on a fracture mechanics approach whereby the bridging action of fibers is treated as cohesive traction acting across the crack flanks."' In deriving such a relationship, fiber randomness of both location and orientation is explicitly considered, expressed as probability distribution functions. I~ In addition, the snubbing effect which amplifies the bridging force due to fiber/matrix snubbing when a fiber is pulled out at an angle to the loading axis, is also accounted for in the snubbing factor, g.2.
Conditions for steady-state cracking and multiple cracking are found to depend on two nondimensional parameters which embody all relevant material micromechanical parameters, t° Alternatively, a critical fiber volume fraction, V~ n', can be defined as the minimum fiber quantity required for achieving multiple crackingY ~. t9 This leads to
Vf> V~f"t---48Gt~p/[grd,(Ldd,)Z~*]
where Gnp = crack-tip fracture-energy-absorption rate; g=snubbing factor; r=bond strength; dr=fiber diameter; Lf=fiber length; ~*=[2r/ (1 + rl)Ef](Lf/df); rl= VtEf/VmEm; E=modulus; V = volume fraction; and subscripts f and m refer to fiber and matrix respectively. Note that (1) clearly reflects the importance of the crack tip and therefore the matrix toughness in the condition for pseudo strain-hardening. The required fiber volume fraction increases for a matrix of higher fracture toughness.
However, a real solution is not always guaranteed from (1) because the fiber bridging fracture energy (associated with the ascending branch of the bridging stress vs. crack opening curve) does not increase monotonically with Vf. 19 Therefore, energy-absorption rate in the fiber-bridging zone behind the crack front cannot keep up with cracktip fracture-energy-absorption rate. Hence, the auxiliary condition can be obtained by requiring ( 1 ) to yield a real solution for Vt., leading to
where v = Poisson ratio; K m = fracture toughness of matrix; and V'f must satisfy the following equation
V'E OE¢] V'f E¢(Et-E.~)+(I + rl) m mo--~fJ
Equation (2) puts a lower limit on fiber aspect ratio and interface bond. Hence increasing V t does not guarantee pseudo strain-hardening, and may lead to processing difficulties.
Problems related to suppression of pseudo ductility
As revealed in (1), V~ ~' depends on matrix toughness, fiber aspect ratio, and fiber/matrix bond strength, provided that the auxiliary condition, eqn (2), is satisfied. Low matrix toughness and high fiber aspect ratio are in favour of low V~ r'. Unfortunately, a strong matrix is generally associated with high toughness. 21 Further, a denser packing leading to smaller flaw size is typically observed for a strong matrix. Hence the first cracking strength may readily exceed the maximum bridging stress so that the pseudo strainhardening behavior is suppressed. Therefore, in a low toughness matrix (or weak matrix) it is relatively easy to achieve multiple cracking, albeit with a lower composite strength. This prediction is confirmed in our experiments. The fracture toughness of the strong matrix (BKR) and weak OPC paste_used in this studyare determined to be 2.0 MPa~/m and 0.3 MPa,/m respectively from fracture tests. 22 Hence, V~"' predicted from (1) is 7.8% for polyethylene fibers in the strong matrix.
As for steel fibers, the auxiliary condition (2) is found not to be satisfied owing to low fiber aspect ratio. Therefore, for a strong matrix with both fibers, good strength with no pseudo ductility is expected, as shown in Figs 1-3 . For the weak matrix with polyethylene fibers, V~"' is calculated to be as low as 0.8%. Not surprisingly, two significantly different failure modes are found, as shown in Fig. 4 . The ultimate failure strain for the composite with pseudo strain-hardening (with V, > V ~") is approximately 220 times greater than that of the mix without strain-hardening (Vr< V{"'). Other parameters used in calculation of V~"' are tabulated in Table 3 . In practice, I/, is limited by mixing difficulty. High-fiber-loaded composites are notorious for their poor workability and induced voids (hence low bond strength). Proper combinations of matrix toughness, fiber aspect ratio, and bond strength can result in adequate V~"'. High bond strength can be used to reduce V~ i" and limiting (L~/d,) as required by (2). However, when bond strength gets too high, fiber rupture may occur and lead to a brittle failure. 23 Hence an optimum composite design should include properly tailored bond strength so that minimum fiber quantity can ensure desired composite performance at a minimum cost.
CONCLUSIONS
In this paper, the mechnanisms responsible for strength and ductility improvements of random discontinuous fiber-reinforced cementitious composites are discussed from a micromechanics point of view. In particular, the conditions for multiple cracking are reviewed. A critical fiber volume fraction, V~ nt, is found to govern the occurrence of multiple cracking, provided that the auxiliary condition, (2), is satisfied. Low matrix toughness, high fiber aspect ratio, and high interfacial bond strength are in favor of low V~"'. However, a strong matrix is generally associated with high fracture toughness. It is difficult to make a composite strong as well as ductile, unless other micromechanical parameters as mentioned in this paper can be adjusted so that an adequate V~"' is achieved. These concepts are demonstrated experimentally with several combinations of matrices and fiber types.
